Although gap junction channels are still widely viewed as large, nonspecific pores connecting cells, the diversity in the connexin family has led more attention to be focused on their permeability characteristics. We summarize here the current status of these investigations, both published and on-going, that reveal both charge and size selectivity between gap junction channels composed of different connexins. In particular, this review will focus on quantitative approaches that monitor the expression level of the connexins, so that it is clear that differences that are seen can be attributed to channel properties. The degree of selectivity that is observed is modest compared to other channels, but is likely to be significant for biological molecules that are labile within the cell. Of particular relevance to the in vivo function of gap junctions, recent studies are summarized that demonstrate that the connexin phenotype can control the nature of the endogenous traffic between cells, with consequent effects on biological effects of gap junctions such as tumor suppression.
Introduction
Notwithstanding speculation regarding possible roles for hemichannels (1) (2) (3) , or the association of cellular components with the cytoplasmic domains of connexins (4) (5) (6) (7) (8) , the only demonstrable physiological function that has been associated with gap junctions to date has been their unique ability to mediate the direct exchange of small metabolites between cells. This is still characterized in textbook descriptions in terms of non-specific permeability to molecules of molecular weight (MW) under 1000 (slightly higher in the case of invertebrates). However, the di-versity within the connexin family has begged the question of how the connexin composition of these channels can affect the character of the information that is exchanged between cells.
Although several early studies had indicated that the permeability of gap junctions could vary in different tissues, there was no characterization of the connexin phenotype in these cases. With the generation of several cell lines expressing different connexins on a background of minimal endogenous coupling (e.g., HeLa cells (9) , N2A cells (10)), comparisons of permeability characteristics using both electrical measurements and inter-cellular diffusion of fluorescent dyes were initiated. The emerging picture, which we summarize here, is complex. Connexin composition can bias the selection of permeants based on their charge, but there are also growing indications that different connexins can impose distinct size limits on permeant species. Finally, we are beginning to approach the Holy Grail of this quest -the identification of connexin-induced selectivity between metabolites of biological significance. The early indications from these studies is that some of the selectivity that is displayed is not easily explained in terms of size and charge alone, but may involve more specific interactions of the permeants with the channel wall.
Charge selectivity of connexins
As in most other channels, the first efforts to investigate the selectivity of gap junction channels for charge were to examine the effects of substituting larger, and hence slower diffusing, anions or cations on the conductance of the channel. Unfortunately, the size of the gap junction channels is such that there were virtually no ions large enough that they would be excluded from the pore. Hence, only graded reductions in conductance could be recorded, and these were only significant with large changes in ion size that also usually meant changes in shape and charge density (e.g., compare Clto glutamate; Na + to tetra-butyl ammonia). Nonetheless, an extensive series of comparisons on whole channels (11) (12) (13) and hemichannels (14) revealed a range of modest ion selectivities from an 8-fold preference for cations (Cx40 (12) and 43 (13) ) to a very slight anion preference (~6% in Cx32 (15) ). This represents modest ion selectivity with respect to most ion channels, but may prove quite significant when considering permeants that have limited half-lives in the recipient cell. It also is likely that the degree of selectivity may become greater with larger permeants comparable to endogenous metabolite traffic between cells.
Some efforts have been made to examine larger permeants in transfected cells with visibly detectable dyes. Comparison of a series of connexins expressed in HeLa cells found significant differences in the relative permeabilities of probes such as anionic Lucifer yellow, and cationic propidium iodide, ethidium bromide and neurobiotin (9) . The results suggested that charge might play a role, although clearly these probes also varied with respect to other properties. However, the real limitation of this approach was the lack of quantitation that was possible, as there was no independent assessment of expression levels of the various transfected connexins. We have tried to address this problem in the same cells by recording the electrical conductance between neighbors in a monolayer. As all of the cells in the monolayer are coupled, this does not provide a direct measure of the junctional conductance between cell pairs, but rather reflects the conductance of the monolayer. Nonetheless, this does provide an independent measure of the expression of functional channels. Comparing cultures of HeLa cells expressing three different connexins at similar levels, we showed that the same cultures of Cx32, 26 and 45 transfected cells showed decreasing permeabilities to anionic Lucifer yellow, but increasing permeabilities to the cationic dye DAPI ( Table 1 , modified from Ref. 16 ). This could be done by comparing the percent of first order cells surrounding the injected cell that were filled and normalizing this result to the conductance level of the monolayer taken in the same dish. Alternatively, the cumulative plot of fraction of cell pairs with conductances above a given level can be compared to the fraction of cells that show dye coupling to provide an estimate of the conductance threshold that must be exceeded in order to see transfer of each dye. In this case, the larger the number, the less permeable the channel is to that dye.
Although the two dyes studied here also differed significantly in size, the inverse pattern of permeabilities observed could not be accounted for by size alone, and supported the contention that charge plays a critical role in the selectivity characteristics of connexins to larger permeants.
Despite the improvement in the normalization of dye transfer to expression levels of the channels achieved in this work, the potential remains limited, as the monolayer conductance is not directly proportional to the conductance between an isolated pair of cells. Also, these measurements cannot be made on the same cells into which the dye is injected. An attempt to improve the situation was made using a Xenopus oocyte pair injected with the relevant cRNA. In this system, the conductance (before and after dye injection) and dye transfer can be measured on the same cell pair. This allowed us to obtain accurate estimates of the permeability of these three connexins to Lucifer yellow, confirming the order established in the HeLa monolayers. With this more quantitative approach, Cx32 was determined to be ~6-fold more permeable to Lucifer yellow than Cx26 (16) . Unfortunately, the binding capacity of the oocyte yolk for positive charges prevents the use of any cationic dyes.
Size exclusion limits of different connexins
Characterization of the electrophysiological properties of connexins revealed a remarkable range of single channel conductances (C j ) from 30 pS (Cx56 (17) and Cx45 (18)) to ~300 pS (Cx37 (10, 19) ). Although suggestive of a wide range of pore sizes, in other channel classes the single channel conductances have not correlated well with pore size. In gap junctions this also seems to be the case, as an extensive comparison by Veenstra and colleagues (11) has shown that smaller conductances are not necessarily associated with greater selectivity, as exempli-fied by Cx32 that has a relatively small single channel conductance of 55 pS (20) but shows almost no ionic preference (15) . Initial estimates of the pore size of gap junctions used fluorescent probes that varied in both size and other properties such as charge and shape. Loewenstein (21, 22) developed a graded series of probes that had more uniform properties and helped to establish the initial estimates of size cut-off at 1000 Da for vertebrate gap junctions and 2000 Da for invertebrate gap junctions. In none of these earlier studies, of course, was the composition of the channels known, or was it even recognized that invertebrates and vertebrates do not utilize related protein families to form these channels.
Once cell lines expressing defined populations of connexins were developed, most comparative studies still used probes that differed in multiple properties, so that the influence of size could not readily be isolated. Nonetheless, studies on some osteoblast cell lines expressing either Cx43 or Cx45 showed that the latter did not pass the dye Lucifer yellow, even when well coupled (23) . Furthermore, co-expression of Cx45 with Cx43 served to reduce the capacity for Table 1 -Transfer of Lucifer yellow and DAPI dyes within a HeLa cell monolayer transfected with different connexins. 1 The percentage of first order cells receiving dye from an injected cell was measured (n ranging from 14 to 49), and normalized to the conductance levels in the same dish of cells. Conductance of the cell monolayer was estimated from an average of dual-cell voltage clamp recordings of neighboring cells. 2 Cumulative plots of the numbers of cell pairs within the monolayer showing particular conductance levels and those showing detectable passage of dye were compared to establish the coupling threshold for each connexin that is required to detect transfer of a particular dye. 3 Lucifer yellow is an anionic dye (-2 charge) of MW 443. 4 dye coupling while increasing electrical connectivity (24) . The first diversion from this pattern was a study on hemichannels reconstituted into liposomes from solubilized gap junctions isolated from rat or mouse liver (25) . These junctions contained a predominance of Cx32 or approximately equimolar amounts of Cx32 and Cx26, respectively. Harris and colleagues (25) used a series of pyridine derivatives of poly-maltose whose leakage from the liposomes could be detected fluorescently. These probes are neutral, and as maltose monomers are added to the chain, the chirality of the = 1-4 linkage produces a spiral structure, the outside diameter of which increases predictably up to the hexameric form. These molecules are subject to glycosidic cleavage in cells, but they are stable and useful in the reconstituted system employed here. The results were quite dramatic, in that the dimeric and monomeric forms leaked readily from liposomes reconstituted from either connexin population, but the trimeric form only leaked from the liposomes containing reconstituted channels from the rat liver (containing a predominance of Cx32). Tetrameric and higher forms were retained by all liposomes. This strongly suggests that, despite the higher single channel conductance of Cx26 (~135 pS) compared to Cx32 (~55 pS) (15, 20) , channels containing more Cx26 show a reduced cut-off limit in terms of the size of the permeant species.
As an alternative to changing the permeant species, Verseilis and colleagues applied a novel approach to the comparison of permeabilities of wild type Cx32 and several mutants associated with X-linked Charcot-Marie-Tooth (CMTX) disease (26) . By adding high percentages of various polyethylene glycol derivatives ranging in size from 200 to 900, as well as glycerol and mannitol, it was found that the movement of ions between the cells, measured by junctional conductance, could be reduced, but only in the cases where the PEG variant was small enough to enter the pore. The theory is that the neutral PEG, if it enters the pore, will provide significant interference with the flux of charged ions, thus reducing conductance. This would not occur in the cases of PEGs that are excluded from the pore. This strategy provided compelling support for the contention that some of the CMTX-associated mutants, while forming functional channels, showed significantly reduced pore size. This is a powerful technique, but again is limited to cases where the intracellular milieu can be effectively exchanged for a solution of defined composition.
The recent availability of a new series of fluorescent probes, termed Alexa, from Molecular Probes has made it feasible to return to the more classical, and broadly applicable approaches to comparing junctional permeability of different connexins. These probes are relatives of fluorescein that carry a net charge of -1. A graded size series of these probes has been produced with fluorophores composed of 2 (MW 349), 3 (MW 570) and 5 (MW 759) conjugated aromatic rings. The charge density of the probes is comparable, as the smallest carries one negative charge, while the larger two have one positive and two negative charges. This avoids some of the influence of charge distribution over the surface of the probe that was shown to influence permeability in di-chloro-and 6-carboxy-derivatives of fluorescein (11) . In order to improve quantitative comparisons of the flux of these dyes through gap junction channels composed of different connexins, we utilized these probes in paired Xenopus oocytes that had been injected with cRNA for different connexins. This allowed us to monitor the junctional conductance of the same cell pair in which the dye transfer is being recorded, so that expression levels could be rigorously controlled. An imaging system was then employed to accurately measure the intercellular diffusion of the dye. A two-dimensional model was developed to describe this diffusion, taking into account leak across the membrane, irrevers-ible binding to the yolk, and uniform diffusivity through the cytoplasm, all of which are assumed constant for a particular dye, and a variable diffusion across the intercellular interface. This model produced excellent fits to the data, and yielded permeability estimates for the junctional interface. From the known channel conductance for each connexin (see last column in Table 2 for the values employed in this calculation), and the net junctional conductance of that cell pair, we could calculate the number of channels, and hence the permeability of each channel to a particular dye. The initial results of these studies are presented in Table 2 .
Of the connexins examined, Cx43 channels show the highest permeability to all probes, with no significant decrease between the smallest and largest. This would suggest that even the Alexa594 probe (MW 759) is well below the exclusion limit of these channels. Cx32 channels show a slightly reduced permeability to the smallest probe compared to Cx43 channels, and a marked decrease in permeability to the larger two probes. This decrease is not progressive with the increasing size of the probe, suggesting that there may be some characteristic of the probes distinguished by this channel that changes from the smallest dye (-1 charge) to the larger two dyes (-2, +1 charges with a branched ring structure). However, in this case also, it appears that the physical size cut-off of this pore exceeds the range of probes used. Cx26 channels present a different scenario. The permeability to the smallest probe is the same as through Cx32 channels, but there is a marked and progressive drop in permeability with the larger probes. In fact, it appears that the upper cut-off for Cx26 channels lies between MW 570 and 750 for molecules with these characteristics. These results are consistent with the observations of Harris and colleagues (25) with reconstituted hemichannels where, in mixed populations of Cx32 and Cx26, increased Cx26 content resulted in a decrease in the apparent size of the pore. Given the distinct nature of the probes used in the two studies (i.e., neutral vs anionic; carbohydrate based vs conjugated aromatic rings), it seems likely that these conclusions are not specific to the type of molecule, but indeed reflect an absolute size cut-off for the Cx26 channels that is significantly less than for Cx32 or Cx43 channels. It will be of interest in the future to extend these analyses to connexins that show particularly high or low conductances to determine if any correlation with physical dimensions of the channel can be established. These comparisons would also be greatly aided should larger probes in this series be developed.
Selectivity of connexins for natural permeants
The controlled nature of the studies described in the previous two sections has greatly improved our understanding of the physical basis of selectivity that can be imposed by the connexin composition of gap junction channels. However, it is likely that a balance of several factors, including the obvious properties of charge and size, will determine the net selectivity characteristics Table 2 -Rates of transfer of a structurally related series of anionic Alexa dyes of increasing size through different connexin channels expressed in Xenopus oocytes. 1 Permeability of each channel was calculated from a two-dimensional diffusion model of dye spread between oocytes with known levels of electrical coupling. Channel numbers were estimated from the total intercellular conductance divided by the single channel conductance (C j ) for each connexin established in the literature (see 2 and 3 below). 2 Single channel conductance for non-phosphorylated Cx43 (dominant form in Xenopus oocytes) (from 13,46). 3 Single channel conductance for Cx26 and 32 determined in N2A cells (15) and HeLa cells (20) . of these channels. This balance is what will ultimately determine the important permeability characteristics of the channels -those relating to natural metabolites and signaling molecules. The permeability of gap junctions to several of the most important secondary messengers, such as cAMP (27), Ca 2+ (28) and IP 3 (28, 29) , as well as metabolites ranging from amino acids to nucleotides, has been documented. However, there has been no comparison between different connexins. Nonetheless, indications that such selectivity may exist are provided from several studies in which it is apparent that transfection of different connexins into a transformed cell line can induce coupling in each case, but only some mediate growth suppression of the tumor line (30) (31) (32) . Furthermore, the specific connexin that is effective seems to vary with the type of transformed cell. Thus, we felt that it was critical to investigate the degree to which classical measures of cell coupling reflect the efficiency with which endogenous metabolites are transferred, and ultimately to directly compare the permeability characteristics of different connexins to natural permeants. Previous studies involving endogenous cellular product transfer through gap junctions had focussed on specific molecules. However, in order to screen broadly for junctional permeants in an unbiased manner, it is necessary to label the metabolite pool in a donor cell population and then capture junctionally transferred material in a recipient population that can then be separated for analysis. To achieve this end, we adopted the preloading strategy analogous to that used for measuring dye coupling (33) . A donor population of cells is loaded with a lipidsoluble dye (DiI), and the metabolite pool is labeled with 14 C glucose (labeled at all 6 positions). These cells are then mixed with an approximately 6-fold excess of unlabeled receiver cells, and plated at confluence for approximately 2 h, during which time they form gap junctions. Alternatively, they can be plated in the presence of the gap junction blocker, 18=-carbenoxolone (ACO), which can subsequently be washed out to look at capture over a shorter time frame (usuallỹ 15 min) that should reflect the rate of transfer of metabolites rather than the steady state levels of distribution that are seen at 2 h. After the coupling period, the cells are harvested and the receiver cells are separated by fluorescent activated cell sorting (FACS). The contents of both donor and receiver cells is then analyzed through several HPLC columns (both size exclusion and ion exchange) and finally by TLC in order to identify specific components that co-migrate with internal standards. To date, we have identified four of the more abundant metabolites (see Table 3 ) and separated some other components that require further analysis (34) .
For these studies we chose a cell line in which the differential effects of connexins had already been demonstrated. Rat C6 Table 3 -Comparative rates of transfer of dye and small metabolites between C6 glioma cells transfected with different connexins. 1 Ratio of Cx43 and Cx32 transfer taken from the difference in the transfer of the compound between connexin and control transfectants. 2 As in 1, but the ratio of connexin transfer is taken from the difference in the transfer of the compound in the presence of the gap junction blocker 18=-carbenoxolone (ACO), and after a 20-min washout. 3 Transfer is measured as the number of receiver cells filling with dye for each donor cell that is pre-loaded with calcein ester. 4 Transfer of metabolites is measured as the percentage of counts for that particular compound (based on HPLC and TLC separations) present in a donor cell that is "captured" in each recipient cell.
Compound
Ratio of compound transfer -Cx43:Cx32
Cx glioma cells are poorly coupled and transformed by most growth criteria. Naus and colleagues had shown that transfection of Cx43 (30), but not Cx32 (31) , could normalize the transformed growth of these cellsparticularly with respect to their saturation density. Hence, we compared control transfectants that showed almost no coupling with Cx43 and Cx32 transfectants ( Table 3 ). Junction-specific transfer of material between cells at steady state (representing the difference between connexin and control transfectants -first column of Table 3 ), and the rate of transfer after ACO washout (second column of Table 3 ) were compared and expressed as a ratio of the values obtained for the Cx43 and Cx32 transfectants.
Using standard dye transfer measures of coupling, the Cx32 transfectants were coupled between 6-and 10-fold better than the Cx43 transfectants. In contrast, however, when the capture of endogenous metabolites is compared, Cx43 and Cx32 pass glutamate and glutathione with similar efficiency (ratios of 0.8 and 1.1 at equilibrium, respectively). Nucleotides (specifically ADP and ATP) pass through Cx43 channels over 10fold faster than through Cx32 channels, resulting in a 2-3-fold difference in the steady state distribution of these compounds throughout the cell population. Hence, it is apparent that the traditional measure of dye coupling of cells is a poor indicator of the level of intercellular movement of metabolites. Furthermore, this demonstrates for the first time that different connexins can impart significant selectivity to the exchange of information between cells -a difference that is probably to account for the differing phenotypic effects of connexins, even though all induce measurable coupling. Interestingly, an examination of the molecules that show selective transfer through these two gap junctions does not yield any obvious basis for the discrimination. It is probably not based on simply size or charge, but on a discrimination between aspects of the molecule's chem-istry or shape. This is also evident in the results of Harris et al. (25) on reconstituted hemichannels where it appeared that connexin composition affected the relative permeabilities of two compounds as closely related as cAMP and cGMP.
Although there may be some redundancy built into connexin expression patterns in many cells, one would predict from our observations that specialized roles that cannot be subserved by the other connexins are also likely to be present. While many connexin knockouts in mice have not had as dramatic a phenotype as one might have guessed, arguing for redundancy in the system (35) (36) (37) , it is also true that there are cases where one connexin has been ablated, and despite the continued presence of another, defects are still observed. A striking example of this is the Cx46 (38) and 50 knockouts (39) , both of which induce cataracts in the eye lens despite the continued functional expression of the other connexin.
The future challenge -defining the molecular basis of selectivity
Clearly, much needs to be done to fully catalogue the selective permeability characteristics imparted to gap junction channels by their connexin composition. We have only just begun the comparison of different connexins and the cataloguing of natural permeants, and no clear theme has yet emerged. Unlike other channel classes, it is unlikely that the differences in permeability will range over orders of magnitude. They are likely to be subtler, but considering that the permeants will have a limited half-life in the receiver cell, smaller differences could lead to significant differences in biological response. A further complication that will have to be faced is that in many cell systems it is quite likely that heteromeric combinations of connexins form (25, (40) (41) (42) . To date we have only examined the simpler case of homomeric channels. It will be instructive to see what properties are dominant when two connexins of differing selectivities are combined. From the reconstituted hemichannel study described above, it already seems that a smaller cut-off limit would tend to be a dominant feature in heteromeric combinations. This may have been an expected result, but properties such as charge selectivity may be harder to predict.
Clearly, our understanding of this process, and the basis of the selectivity patterns seen, will be greatly enhanced with a knowledge of the molecular structure of the pore itself. To date this has been elusive. Original predictions focussed on M3 as the obvious candidate for the pore-lining segment based on its amphipathic character (43) . However, some evidence based on cysteine scanning mutagenesis of hemichannels (44) , and the effects of mutants associated with CMTX disease (26) , have led to the implication of M1 in the lining of the pore. The recent structure of the gap junction at 7A suggests a possible solution to this dilemma in that more than one helix appears to contribute to the pore lining (45) . One helix lines the pore along its whole length, while another contributes to the wider cytoplasmic mouth of the pore. Most recently, we have applied the cysteine scanning mutagenesis strategy to whole gap junction channels of Cx32 using a novel oocyte perfusion assay (developed by F.L. Cao). The results demonstrate that residues along the whole length of M3 are exposed to the aqueous pore, and can react with sulfhydryl reagents that produce partial block of the channel (Skerrett IM, Aronowitz J, Shin J, Kasparek E and Nicholson BJ, unpublished results). Reactivity of a more restricted set of residues is also seen in M1 and M2. However, the introduction of cysteine into M1 at these reactive sites seems to disrupt channel structure, as indicated by a significant shift in the gating responses of the channels to voltage. These shifts cause the channels to reside predominantly in the closed state in the absence of an applied transjunctional potential, raising the possibility that these reactive sites in M1 are exposed in the closed state of the channel.
As we refine our description of the channel lining, and our understanding of the properties of permeants that are important in establishing the selectivity of gap junction channels, we should be able to piece together a picture of how these intercellular pores establish selective gateways for the exchange of critical information between cells. This represents a challenge for the next decade in the field, and a necessity for truly understanding the role of these channels in regulating multicellular systems.
